A randomised controlled field trial was conducted to evaluate the effectiveness of ceramic drip filters to improve the microbiological quality of drinking water in a low-income community in rural Bolivia. In four rounds of water sampling over five months, 100% of the samples were free of thermotolerant (faecal) coliforms (TTC) compared to an arithmetic mean TTC count of 1517, 406, 167 and 245 among control households which continued to use their customary sources of drinking water. The filter systems produced water that consistently met WHO drinking-water standards despite levels of turbidity that presented a challenge to other low-cost POU treatment methods. The filter systems also demonstrated an ability to maintain the high quality of the treated water against subsequent re-contamination in the home.
Introduction
Diarrhoeal diseases kill an estimated 2.2 million people each year, the majority of whom are children under five. An estimated 4 billion cases annually account for over 82 million disability adjusted life years (DALYs), representing 5.7% of the global burden of disease, and placing diarrhoeal diseases as the third highest cause of morbidity and sixth highest cause of mortality world-wide (WHO, 2000) . While the delivery of safe and reliable water services is an essential goal, a comprehensive review of existing research sponsored by the World Health Organization (WHO) concluded that simple, acceptable, low-cost interventions at the household and community level were capable of dramatically improving the microbial quality of household stored water and reducing risks of diarrhoeal disease and death (Sobsey, 2002) . According to the report, ceramic filtration is among the most promising and accessible of the technologies reviewed. The review also emphasised the need for research to evaluate this technology in field applications.
In an effort to evaluate ceramic drip filters as a health intervention in developing countries, First Water, Ltd., in collaboration with various NGOs and the London School of Hygiene and Tropical Medicine, have undertaken demonstration projects in Bolivia, Cambodia, Colombia and Sierra Leone. The outcome parameters of these studies included microbiological efficacy, health impact, cost-effectiveness, acceptability and willingness-to-pay. This paper presents the initial results on microbiological efficacy at one study site in Bolivia.
Materials and methods

Study site
Charinco (altitude 8,900 ft, ~2,700 m) is a rural community of approximately 360 people located 25 km to the west of Cochabamba, Bolivia. The community consists of approximately 95 households dispersed among small agricultural plots. There is some grazing of cattle, pigs and sheep. Baseline questionnaires revealed that none of the households had latrines or other sanitation facilities. Apart from the rainy season (December-March) when some harvest rainwater, community members procured their water from open irrigation canals fed by a stream. Most households maintained small surface ponds which were topped off periodically when there was access to irrigation water from the canals. This water was used for drinking and all other purposes. Pre-intervention analysis of samples from four of these ponds in November 2002 indicated thermotolerant (faecal) coliform (TTC) counts ranging from 488 TTC/100 mL to 4,220 TTC/100 mL. Levels of turbidity ranged from 8 to 100 NTU, while pH was consistently 8.2.
Intervention
The intervention was a gravity water filter system consisting of (a) two locally produced 15 L plastic buckets stacked on top of each other, (b) two Katadyn ® 240 mm porous ceramic filter elements (commonly referred to as "candles") through which water passed from the top vessel into the bottom vessel and (c) a metal valve for access to the product water ( Figure 1 ). The cost of the vessels, valves and fabrication (drilling holes) was approximately US$7.50. The ex-factory cost of each candle was approximately US$8.45; hence the total unit cost was approximately US$25. The Katadyn Ceradyn™ candles had a nominal pore size of 0.2 µm and were impregnated with colloidal silver. The candles have been extensively tested by independent laboratories and have been proven to meet the requirements of the EPA Guide Standard and Protocol for Testing Microbial Purifiers in respect of bacteria (reduction by 99.9999%) and protista (reduction by 99.9%). According to the manufacturer, each candle could treat up to 50,000 L of water. Assuming daily usage of 25 L per system, the total operating cost of the system was approximately US$0.006/household/d (US$0.00025/L). Other microbiological quality candles were available for between US$2 (for an 8-month candle) to US$6 (for a smaller 120 mm candle). It was also possible to use one candle instead of two. A one-candle system could thus cost as little as US$9.50 ex-factory.
Trial
Fifty households were randomly selected from the community and, after receiving full details of the study, consented to participate. In January 2003, a baseline survey was conducted. The head of each household was interviewed about family demographics, household possessions (as a measure of estimated wealth), water source, water handling practices Figure 1 Photograph of the household-based ceramic drip filter as used in Charinco, Bolivia and knowledge of diarrhoea prevention. At this time, water was also sampled from the bucket, jerry can, pond or other source that the participants reported to be using as their source of drinking water that day. Following the baseline survey, participating households were randomly assigned into two groups. Twenty-five households received filters and instructions about their use; the other twenty-five households served as a control group and continued to follow their customary drinking-water practices. Within one week of the distribution of the filters, an investigator visited each intervention household to check on the filters and answer questions. Thereafter, the investigator returned at six-week intervals to take water samples and collect information on use of the system. Water from the intervention group was sampled directly from the filters without flaming the tap. Water from the control group was collected from the vessel or reservoir used to fill a drinking vessel. Water samples were collected in sterile 125 mL Nalgene ® bottles and analysed within 4 h using the membrane filter technique in a DelAgua™ incubator, using membrane lauryl sulfate media according to Standard Methods.
Results
Baseline data indicated arithmetic mean TTC counts of 873 and 822 for the intervention and control groups, respectively. Following the distribution of the filters in week 1, drinking water was sampled at six-week intervals (weeks 7, 13, 19 and 25) . In the intervention group, 100% of the 96 samples taken during the six-month trial were free of faecal coliforms, thus meeting the WHO standard of 0 TTC/100mL. Samples from the control group, on the other hand, continued to have significant levels of faecal coliforms, with 65.6%, 34.4% and 11.4% of the control samples exceeding 10, 100 and 1,000 TTC/100 mL respectively. Only 15/96 (15.6%) of the control household samples tested met the WHO standard (Table 1) .
Users reported no significant reduction in flow, despite variable levels of turbidity that ranged from 5-100 NTU. Mean frequency of cleaning per week increased during the trial at weeks 7, 13, 19 and 25, being 0.75, 1.38, 1.69 and 1.41 respectively. Intervention households reported that the 15 L filter was refilled 1.18, 0.83, 1.3 and 1.47 times/d during the successive rounds of evaluation, suggesting that the 15 L volume of the filter vessels was perhaps adequate. A total of five filters were observed to be out of service during various rounds of testing. In each case this was due to candle breakage following the fall of the filter system from a table or other surface on which they were kept. These units were repaired and included in subsequent sampling. Table 1 Thermotolerant coliforms/100 mL among intervention and control groups, Charinco, Bolivia
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Discussion
While the use of ceramic filters to treat drinking water has been widespread for many years in high-and middle-income households, as well as by expatriate workers, this is believed to be the first evaluation of the technology as a public health intervention among low-income households. The filter systems demonstrated a consistent ability to produce water meeting WHO criteria for microbiological quality (0 faecal coliforms/100 mL) despite high levels of faecal contamination in the source water. The effectiveness of the filter systems was not affected by the turbidity of the source water (which could present a challenge to other household water treatment systems, such as home-based chlorination and solar disinfection). In fact, some level of observable turbidity may actually reinforce the use of the system by enabling the user to see the difference in the appearance of the water before and after filtration.
Studies have demonstrated that water that is safe at the source is frequently subject to considerable levels of faecal contamination in the home (Han and Moe, 1990; Swerdlow et al., 1992) . While this study did not evaluate the extent to which water used by the control group became faecally contaminated while in the home, the treated water maintained in the reservoir vessel of the filter system was of high microbiological quality at the time of sampling, regardless of the length of storage in the intervention homes. This was believed to be attributable to (a) the tight fitting lid over the reservoir vessel, (b) the fact that the candles could be cleaned without opening this reservoir, (c) a tight seal between the candles and the lower reservoir that prevented water from entering during filling and (d) the tap, which allowed access to the treated water without coming into contact with hands or utensils.
The level of faecal contamination varied considerably from one round to the next. Previous studies had shown the significant impact of seasonality on waterborne pathogens and their corresponding disease impact (Wright, 1986) . The intervention will be evaluated for a full year to estimate its overall effectiveness.
An important question about the microbiological effectiveness of ceramic filters relates to their ability to remove waterborne viruses such as rotavirus and hepatitis A. Ranging in size from 20 to 100 nm, viruses are too small by themselves to be eliminated by microfiltration. There is evidence, however, that viral particles tend to aggregate or associate with bacteria and other larger particles (Melnick et al., 1978) . As a result, filters have been shown to be capable of reducing waterborne viruses at a rate that is greater than might be expected based on the size of the microbe (Sobsey, 2002) . There is also ambiguous epidemiological evidence about the protective effect of household ceramic filters against hepatitis A virus (Almeida et al., 2001) . Further testing is necessary to determine the level of such removal, as well as the extent that the colloidal silver impregnated into or covering higher quality filters could assist in deactivating viruses.
Other low-cost interventions at the household level to treat and protect drinking water have been shown to have a significant impact on the reduction of diarrhoeal disease (Quick et al., 1999 (Quick et al., , 2002 Conroy et al., 2001; Sobsey et al., 2003) . While these approaches have been evaluated in a variety of different settings, water with medium or variable levels of turbidity presents a special challenge to these technologies (Sobsey, 2002) . A product that combines flocculation and disinfection has been shown to be effective in producing microbiologically safe water under a variety of conditions (Souter et al., 2003) , but is more costly by volume of water produced and requires batching and contact time.
Additional trials are under way to evaluate the microbiological effectiveness of the filter systems in other settings and other countries. In order to evaluate the potential for ceramic filters as a health intervention, it will be important to assess their health impact, acceptability, cost-effectiveness and long-term performance. Ultimately, the role that these devices may play in improving drinking-water quality and reducing waterborne disease will also depend on the extent to which they can be successfully deployed, either as a public initiative to improve health, or on a private commercial basis.
Conclusions
Research has shown that simple and affordable interventions at the household level were capable of dramatically improving the microbial quality of water stored in the home, and reduced the burden of diarrhoeal disease. While the data from other trials and on other parameters are forthcoming, the results from this trial provide promising evidence that ceramic drip filters can be an effective intervention for improving and maintaining the microbiological quality of even turbid water, with minimal training and at a very low rateable cost.
